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Abstract 
 The Butte porphyry Cu-Mo-Ag deposit has been considerably altered by supergene 
processes that enriched Cu and Ag, and mobilized other metals.  Supergene enrichment provided 
early miners with excellent ore grades, and contributes significantly to current mining operations 
in Butte.  The Continental Pit exhibits the classic leached and enriched vertical zonation that is 
common in near-surface porphyry systems around the world. Although studied by the Anaconda 
Copper Mining Company during the mid-20th century, signiﬁcant and economically relevant 
questions remain regarding this deposit’s supergene heavy metal geochemistry and its 
relationship to the local hydrology and tectonic history.  
 This thesis investigates the paragenesis of supergene and leach-cap mineralogy, its 
distribution throughout the Continental Pit and provides recommendations for future mining. 
Mineral compositions and textures were determined using modern analytical techniques 
including portable X-ray ﬂuorescence, shortwave infrared spectroscopy, Raman micro-
spectroscopy, X-ray diﬀraction, and scanning electron microscopy/energy dispersive 
spectroscopy. Sulfur isotopic analysis of chalcocite and pyrite mixtures was performed at the 
University of Nevada-Reno, and copper isotopic analysis of various secondary minerals was 
performed at the University of Arizona.   
 Structural control of supergene geochemical zonation is apparent throughout the deposit; 
the distribution of hypogene veins and alteration assemblages, as well as faults and joints, leads 
to varying degrees of enrichment both vertically and horizontally in the Butte system. Supergene 
argillic alteration has resulted in areas of intense replacement of feldspars by clay minerals, 
commonly kaolinite.  Major supergene ore minerals include chalcocite, acanthite, and native 
copper, with minor amounts of Cu-carbonates, phosphates, oxides, and sulfates.  δ34S varies 
between +2.8 to +3.5‰ for mixtures of supergene chalcocite and hypogene pyrite; slightly 
depleted when compared to pure hypogene pyrite at +3.9‰.  δ65Cu varied widely; with values of 
-5.5‰ for chalcocite, -1.2‰ for turquoise, +0.48‰ for malachite, and +7.3‰ for native copper. 
A ferricrete, located above oxidized Butte granite, and overlain by alluvial gravel, has been 
described and is interpreted as having formed due to acidic springs and seeps along the 
Continental Fault.   
 Signiﬁcant exposures of secondary fracture-ﬁlling copper phosphates were identiﬁed, 
including the minerals turquoise and chalcosiderite.  Arsenic has been released from hypogene 
arsenic-bearing sulfosalts and incorporated into clays and secondary phosphates with measured 
concentrations up to 0.15 wt% arsenic in turquoise from the supergene enrichment blanket of the 
Continental Pit.  Geochemical modeling suggests, and field observations corroborate, that 
turquoise forms in the reducing zone below the water table, and chalcosiderite is an alteration 
product of turquoise that forms when an enrichment blanket is uplifted and exposed to 
oxygenated conditions.  This paragenetic relationship provides an important tool for 
understanding the tectonic and hydrologic history of the Butte orebody, and could be applied as a 
prospecting guide.   
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“Butte was mercurial…. The wicked, wealthy, hospitable, full-blooded little city 
welcomed me with wild enthusiasm of the most disorderly kind.”  
-Theodore Roosevelt- 
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1 
1. Thesis Statement 
The purpose of this thesis is to describe the supergene mineralogy of the Continental Pit 
area of the Butte porphyry Cu-Mo-Ag deposit, identify zones of secondary minerals, and infer 
the nature of near-surface fluids that modified the deposit.  Emphasis is placed upon the behavior 
of penalty metals within the supergene profile, with the goal of providing recommendations for 
mining.     
  
2 
2. Introduction 
2.1. Production History 
The rich copper-silver lodes and associated porphyry-style copper and molybdenum ores 
in the Butte (Summit Valley) District (Figure 1) have been mined almost continuously since 
1864 (Weed, 1912; Czehura, 2006).  Butte is in southwestern Montana at an elevation near 
5,500’, just west of the continental divide.  The area is drained by Silver Bow Creek, which in 
turn flows into the Clark Fork River, and from there into the Columbia River.  Placer gold was 
initially discovered in 1864, but by the late 1870’s the focus had shifted underground and nearly 
all of the lode veins outcropping in the Butte district had been claimed.  Miners exploiting these 
reef-style exposures immediately began recovering silver.  Production and treatment of silver 
ores continued through the 1880s, and with the discovery of large (up to 5 meters thick) 
chalcocite veins, the district gradually became dominated by copper mining.  Beginning in 1881, 
Marcus Daly bought up numerous adjacent claims and eventually formed the Anaconda Copper 
Mining Company (ACM).  ACM constructed a smelter west of Butte, and acquired numerous 
other mining and smelting operations, the most significant of which was the Chuquicamata 
porphyry copper deposit in Chile.  Production boomed, providing plenty of metal to sustain the 
surging popularity of electricity and fuel two world wars.  With the end of hostilities in 1945, 
copper prices dropped and ACM initiated a deposit definition project which eventually resulted 
in higher-capacity shafts, block caving operations, and the opening of the Berkeley Pit in 1955.  
In 1971, after Chile nationalized all mining operations, ACM lost the Chuquicamata deposit and 
along with it 75% of its income (Kearney, 1998).  ACM sold out to the Atlantic Richfield 
Company (ARCO) in 1976; ARCO eventually suspended operations at the Berkeley Pit in 1982 
due to high arsenic concentrations, and the pit was allowed to flood.  A portion of the Butte 
3 
mines was purchased by Dennis Washington of the Washington Corporation (WC) in 1985, and 
in 1986, WC resumed mining under the subsidiary Montana Resources Incorporated (MRI) at a 
location east of the Berkeley Pit known as the Continental Pit (Jenkins and Lorengo, 2002).  
Mining paused in 2000 due to high electricity prices, and MRI resumed mining in 2003 under the 
name Montana Resources, LLP (MR).  
 
 
2.2. Current Mining 
Montana Resources, LLP. (MR) currently operates the Continental Pit (Figure 2), 
utilizing four electric shovels and a fleet of 240-ton haul trucks.  Ore feed averages 49,000 tons 
per day, with recovery in the Butte (formerly Weed) Concentrator through crushing, grinding, 
and froth floatation.  Approximately 62% of MR’s revenue is derived from copper sulfides; 31% 
of revenue comes from molybdenum, with the remainder derived from copper precipitation and 
Figure 1: Location of Butte, MT, in the late Cretaceous Boulder Batholith.  Dashed line marks 
approximate eastern extents of the Mesoproterozoic Belt Supergroup.  Map created from 
Montana Bureau of Mines and Geology (Vuke et al., 2007) data. 
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by-product silver.   A recent “Deposit Definition Drilling Program” and pit re-design has 
identified proven and probable reserves of approximately 756 million metric tons(MMt) of ore 
averaging 0.24% copper, 0.031% molybdenum, and 0.074 opt silver, with operations reaching 
down to the 4,480’ elevation and extending the deposit’s lifespan well past 2050.  Known 
supergene enrichment between the Berkeley Pit and Continental Pit is tentatively scheduled for 
mining mid-2050 (Czehura, 2006).  
 
Figure 2: Satellite imagery (Google Earth, 2014) showing the Continental Pit, Berkeley Pit, and Yankee 
Doodle Tailings Pond. 
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2.3. Regional Geology 
The Butte District is located within the late Cretaceous calc-alkaline Boulder Batholith 
(Figure 3).  The Boulder Batholith is composed primarily of the Butte Quartz Monzonite (now 
known as the Butte granite, Lund et al., 2002), and is surrounded by a handful of smaller roughly 
coeval satellite plutons which together were emplaced between 81.7 ± 1.4 Ma to 73.7 ± 0.6 Ma, 
and crop out over 6,000km2 (du Bray et al., 2012).   The bulk of the Butte granite, despite 
hosting the sizeable Butte magmatic-hydrothermal system and numerous other ores, does not 
exhibit elevated concentrations of ore metals.  The batholith was emplaced into the ~80 Ma 
Elkhorn Mountains Volcanics, and through Mesozoic and Paleozoic sediments as well as the 
Helena Embayment of the Mesoproterozoic Belt Supergroup (du Bray et al., 2012).  Cretaceous 
and younger magmatic activity produced other nearby plutons and volcanism, creating a region 
known for its metallic ores.   
Mineralization at Butte occurred in two pulses; first, bulk-rock porphyry Cu/Mo Pre-
Main Stage (pMS) veinlets and alteration were emplaced along with quartz porphyry dikes 
between 66-64 Ma (Lund et al., 2002), and then later cut by Cu-Zn-Pb-Ag-As±Mn Main Stage 
veins (MSVs) at 62 Ma (Snee et al., 1999).  Late Cretaceous and Tertiary uplift and erosion 
created a nonconformity upon which up to 700-1800m (Smedes, 1962) of the 53-48 Ma (Dudas 
et al., 2010) Lowland Creek Volcanics were deposited.  Basin and Range extensional faulting 
worked to further expose the district, and associated Miocene basin fill sediments were deposited 
(Houston and Dilles, 2013).  
6 
 
Figure 3: Geologic map of Butte region, showing the extents of the Boulder Batholith (Kgt), host to the Butte 
orebodies (based on data from the MBMG; Vuke et al., 2007).  Kem: Cretaceous Elkhorn Mountain 
Volcanics, Tlc: Tertiary Lowland Creek Volcanics, Ts: Tertiary basin-fill sediments, Qs: Quaternary 
sediment. 
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2.3.1. Rock Units and Abbreviations 
2.3.1.1. Butte Granite  
The 76.7 ± 0.5 Ma to 74.7 ± 0.6 Ma (du Bray et al., 2012) Butte granite, formerly the 
Butte Quartz Monzonite, is the major component of the Boulder Batholith and displays uniform 
mineralogy (Lund et al., 2002).  In decreasing abundance, the Butte granite contains plagioclase, 
quartz, K-feldspar, biotite, hornblende, magnetite, and sphene, with accessory ilmenite, apatite, 
and zircon (Roberts, 1975).  This uniformity throughout the exposed pluton provides an 
exceptional laboratory with which to study the effects of hydrothermal alteration associated with 
the Butte ore mineralization events.  The granite hosts a variety of small coeval magmatic 
structures including aplite, granoaplite, and pegmatite dikes and sills, with occasional miarolitic 
cavities.  Aplite (Figure 4) and pegmatite commonly occur together as tabular sills to 10 meters 
in thickness.  Contacts between the Butte granite and granoaplite are typically gradational.  
Mafic enclaves up to 0.3m in diameter are common throughout the intrusion.  The pluton 
intruded into the base of the cogenetic Elkhorn Mountain Volcanics (Lund et al., 2002).  
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Figure 4: Aplitic dikes cutting biotite-rich altered Butte Granite, and in turn cut by pMS quartz-molybdenite 
veinlets (near hammer).  Image taken at the C-East pushback, 5600’ bench of the Continental Pit. 
 
2.3.1.2. Quartz Porphyry Dikes 
Quartz porphyry dikes up to 20m in width were emplaced synchronously with pre-Main 
Stage mineralization between 66-64 Ma (Lund et al., 2002).  These dikes contain phenocrysts of 
plagioclase, quartz, orthoclase, and biotite in an aplitic groundmass; they strike roughly east-west 
and dip steeply to the south in the Continental Pit area (Houston and Dilles, 2013).  Quartz 
porphyry intrusions are thought to represent the magmatic event that drove pMS mineralization 
(Mark Reed, oral communication, 2016).    
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2.3.1.3. Lowland Creek Volcanics 
The 53-48 Ma Lowland Creek Volcanics were deposited upon an erosional surface of 
Butte granite, and post-date MSV mineralization (Dudas et al, 2010).   Smedes (1962) identified 
six major units that total up to 1800m in thickness comprising ignimbrites, flow breccias, and 
airfall deposits, as well as dacitic, rhyolitic, and andesitic lavas.  The Big Butte vent and 
associated rhyolite dikes cross-cut mineralization in the Butte District, and in the northwestern 
part of the district volcanics of up to 700m unconformably overlie the Butte granite (Houston 
and Dilles, 2013).   
2.3.1.4. Cenozoic Basin-Filling Sediment 
Cenozoic extension in southwestern Montana has resulted in thick sequences of basin-fill 
clastic sediments; these include poorly consolidated silts, sands and conglomerates overlying 
parts of the Butte district to the southwest and south.  Movement along major normal faults, 
including the Continental and Klepper faults, is responsible for basin development and the 
modern topography of the district.  There is a lack of radiometric or fossil-based dates on the 
basin-fill sediments in the Butte area, although evidence from the surrounding region suggests 
that extension began in the Eocene and continues today to a lesser extent (Houston and Dilles, 
2013).   
2.3.2. Anthropocene Modification 
Human influences due to mining and associated residential activity in the Butte area have 
resulted in a vastly altered landscape.  Deposits of mill tailings, slag, and waste rock are visible 
throughout the district, although efforts have been made to remediate areas affecting streams.  
The Continental Pit and associated activity has removed or obscured much of the original 
topography, including the fault-line scarp of the Continental Fault south of Rampart Mountain.  
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The removal of this material makes it more difficult to infer the effects of the Continental fault-
line scarp and pre-mining topography on near-surface geochemical processes, although pre-
mining topographic maps and aerial imagery exists.  MR has continued construction of ACM’s 
Yankee Doodle Tailings Pond, which now covers an area of over 2.5 square miles, and has a 
downstream height of over 750ft.   
2.3.3. Hypogene Mineralization 
Nearly 150 years of surface mining, underground mining, and diamond core drilling in 
Butte has provided extraordinary exposures of a complex magmatic-hydrothermal system.  The 
classic model for porphyry-style low grade/high tonnage base metal deposits is based on a 
granitic porphyry intrusion emplaced at shallow (2-5km) depths.  Centimeter-scale veins and 
roughly concentric alteration zones are typical of these porphyry-style deposits (John et al., 
2010).  Ore fluids are focused into a zone of fracturing above the intrusion, where mixing with 
meteoric water, water-rock reactions, and vein mineral precipitation occurs.  Fluid evolution 
throughout the cooling and crystallization of the source intrusion results in a variety of vein types 
and alteration assemblages; this is exemplified by the Butte deposit.  Hypogene mineralization 
took place between 66-62Ma (Lund et al., 2002) as the result of a continually evolving heat and 
fluid source (Reed et al., 2013).  Two domes of porphyry-style Cu/Mo hypogene mineralization 
were formed; the Anaconda (western) and Pittsmont (eastern) domes.  These domes are 
composed of broad concentric shells of cm-scale veinlets that vary in composition with depth.  
The two domes are separated by a mass of thoroughly sericitized rock which is cored at depth by 
an intense quartz vein stockwork (Reed et al., 2013).  Polymetallic Main Stage Veins (MSVs) 
were emplaced at ~62Ma (Snee et al., 1999), and cross-cut all pMS structures.  Field et al. (2005) 
investigated sulfur isotopes of hypogene sulfides and sulfates from Butte, and proposed that a 
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heavier total δ34S in the Butte orebody is due to assimilation of sulfur from the Mesoproterozoic 
Belt Supergroup.  
2.3.3.1. Pre-Main Stage Mineralization 
Most cm-scale veinlets (Figure 5) exposed in the Continental Pit are of pre-Main Stage 
(pMS) origin, and are classified based upon the mineralogy of the veins themselves, alteration 
assemblages, and/or structural features.  Bulk rock alteration within the Pittsmont and Anaconda 
domes consists primarily of a high-temperature (>578°C) (Geissman, 1980) potassic alteration.  
Primary hornblende has been converted to secondary “shreddy” biotite, with varying degrees of 
chloritization (Peet, 2011).  Ore mineralization exists as disseminated chalcopyrite, and 
molybdenite within cm-scale veinlets.   
 
Figure 5: Pre-Main Stage quartz and quartz-molybdenite veinlets in altered Butte Granite, C-East 5440’ 
bench, Continental Pit.  Hammer for scale. 
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2.3.3.1.1. Vein Types and Alteration Assemblages 
The earliest pMS veinlets at Butte are the Early Dark Micaceous (EDM) veins, originally 
described by Meyer (1965).  These cm-scale veinlets are dated at 66-64Ma (Snee et al., 1999; 
Lund et al., 2002), and can contain biotite (with chloritization), muscovite (sericite), pyrite, 
chalcopyrite, ± magnetite, calcite, anhydrite, molybdenite, andalusite, and corundum (Reed et al., 
2013; Lamsma, 2012).  EDM veinlets also exhibit complex textures; biotitic alteration is related 
to cm-scale biotite breccias, suggesting a direct hydrothermal connection with magma.  At depth 
below the Pittsmont and Anaconda porphyry domes, and crosscutting EDM veins, exists a 
stockwork of barren quartz and quartz-molybdenite veinlets that thins upward through the 
vertical extent of the domes.  These veinlets generally display no alteration envelopes or narrow 
potassic alteration envelopes, and grade outward into quartz-chalcopyrite-magnetite-pyrite and 
quartz-pyrite veinlets (Reed et al., 2013).  Reed et al. (2013) assigned petrologic names to the 
varying alteration assemblages of pMS veinlets, including EDM, Pale Green Sericitic (PGS), 
Dark Green Sericitic (DGS), Gray Sericitic (GS), and Sericitic with Remnant Biotite (SBr).  
Bulk rock pMS alteration assemblages in Butte include those common to other porphyry systems 
such as potassic, sericitic (phyllic), green and white argillic, and propylitic.   
2.3.3.2. Main Stage Veins 
Cross-cutting the porphyry Cu-Mo domes and all pMS structures are the famous Butte 
Main Stage Veins (MSVs).  Dated at 62 MA (Snee et al., 1999), these veins arc in an overall 
east-west orientation throughout the district, and dip steeply to the south.   Brimhall and Ghiorso 
(1983) suggest that MSVs and associated advanced argillic alterations represent a coupled 
leaching (of pMS) and enrichment process produced by the superposition of MSV fluids on pMS 
mineralization.   Reed et al. (2013) disagree, and provide geochemical modeling evidence for a 
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single fluid origin of all Butte district veins.  Sales (1914) described two structural orientations of 
MSVs; the Anaconda and Blue vein systems.  MSVs occupy fault surfaces; Profett et al. (1973) 
provided evidence that the two MSV systems represent a set of conjugate faults.  District-scale 
zonation of MSV mineralogy exists, with Central Zone Cu-As veins grading outward into 
Intermediate Zone Cu-Zn veins, and from there into Peripheral Zone Zn-Pb-Ag-Mn veins 
(Dilles, 2004). 
2.3.4. Geology of the Continental Deposit 
The Continental Pit lies in a structural horst within the Pittsmont Dome of the Butte 
porphyry system.  It is bounded on the west by the steeply-dipping, extensional Continental 
Fault, and on the east by the oblique-slip Klepper Fault.  Houston and Dilles (2013) report 
approximately 1300m of down-to-the-west normal offset along the Continental Fault, and 
significant but unquantified extensional slip along the Klepper Fault.  The Klepper Fault also 
displays approximately 720m of left lateral separation.  Both the Continental and Klepper faults 
display decreasing offset to the south, and the two are hypothesized to merge south of the 
Continental Pit where obscured by Tertiary and Quaternary sediment, and Anthropocene 
disturbances (Houston and Dilles, 2013).  Offset along the Continental Fault has uplifted bulk-
rock chalcopyrite and molybdenum-bearing pMS mineralization, allowing for open-pit mining.  
The most recent movement along the Continental Fault offsets supergene mineralization by 
approximately 90-180m (McClave, 1973).   
2.3.5. Supergene Geochemistry 
 Supergene enrichment of copper is driven by groundwater flux as well as changes 
in pH and electrochemical (redox) conditions.  Numerous factors influence the degree to which 
enrichment has occurred, including the sulfide mineral content, the permeability and porosity of 
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the host rock, hydrothermal alteration style, and climate conditions.  In void spaces within the 
unsaturated zone, the partial pressure of O2 is buffered by the Earth’s atmosphere.  Below the 
water table, the partial pressure of O2 is controlled by water-rock interactions. (Lichtner and 
Biino, 1992).  Pyrite and chalcopyrite, when exposed to these oxygenated surface and shallow 
sub-surface waters, will decompose to form sulfuric acid and metal ions through the following 
reactions. 
 Weathering of pyrite: 2FeS2 + 2H2O + 7O2  →  2Fe2+ + 4SO42- + 4H+    (1) 
Weathering of chalcopyrite:  CuFeS2 + 4O2  →  Fe2+ + Cu2+  + 2SO42-     (2) 
These reactions mobilize Cu, which moves downward through the vadose zone and 
eventually reaches the water table, or saturated zone.  Upon entering anoxic, reducing, and 
relatively more basic conditions within the saturated zone, Cu sulfide replaces pre-existing 
sulfide grains, forming the mineral chalcocite (Cu2S) (Figure 6).  The overall reaction can be 
written as follows (Zies et al., 1916): 5FeS2 + 14Cu2+(aq) + 12H2O → 7Cu2S + 5Fe2+(aq) + 3SO42- + 24H+ (3) 
The above reactions produce excess hydrogen ions, which can be consumed through 
dissolution of carbonate minerals or conversion of feldspars into clays such as kaolinite.  This 
results in the common powdery white supergene argillic alteration.      
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Figure 6:  Diagram depicting a simplified supergene profile.  Oxygenated water in the vadose zone liberates 
metal ions which are then precipitated below the water table to form an enrichment blanket.  Yellow 
diamonds are sulfides; black outline indicates chalcocite replacement, orange outline indicates Fe-oxide 
replacement and weathering. 
 
As sulfide-bearing ore systems are exhumed and the water table lowers, this process can 
occur in a cyclic fashion and concentrate low-grade disseminated deposits into rich blankets of 
secondary sulfide minerals.  The modeling of Lichtner and Biino (1992) indicates that once the 
chalcocite enrichment blanket has formed, it eventually reaches steady-state dimensions that 
move rigidly in the direction of fluid transport.  At deposits such as the Morenci, Arizona, 
porphyry-Cu system, hypogene ore is non-economic and mining depends entirely on the 
chalcocite enrichment blanket.  As the depth of the enrichment is determined by the location of 
the water table, it follows that the zone approximates the local topography in many deposits.  A 
leached cap of oxidized rock is generated above the enrichment blanket; this cap is commonly 
stained red or brown by secondary iron oxides.  In many deposits, a transition, or “mixed” zone 
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occurs above the water table and below the leach cap, where variable amounts of oxidized and 
reduced mineral assemblages occur (Guilbert and Park, 1996).   
2.3.6. Previous Studies on Supergene Mineralization at Butte 
Supergene enrichment in porphyry copper deposits has been extensively studied due to its 
key economic significance (Sillitoe, 2010).  At Butte, supergene enrichment has proven 
repeatedly throughout the history of the district to provide ore grades worth mining.  Szarkowski 
and Gammons (2016) documented supergene acanthite and native silver, the presence of which 
could have helped drive the initial silver boom in Butte during the late 1800s.  Although the 
significance of secondary enrichment at Butte is acknowledged in the literature (Houston and 
Dilles, 2013; McClave 1973), Butte lacks a thorough review of supergene mineralogy, the study 
of which is essential for efficient mining and processing.  As part of the report distributed for the 
1973 Society of Economic Geologists field meeting in Butte, McClave (1973) published a short 
technical article specifically describing supergene enrichment at Butte: Control and distribution 
of supergene enrichment in the Berkeley Pit.  McClave noted the importance of faulted Main 
Stage Veins in the formation of secondary enrichment, with the enrichment blanket developed to 
deeper levels along theses sulfide-rich, permeable structures (Figure 7).  Brimhall et al. (1985) 
modeled supergene processes using mass-balance principles, and using rock density and assay 
data from Butte they concluded that the paleo-oxidation surface may have been eroded down by 
as much as 450ft.  They observed that a “broad area” existed between the Continental and 
Klepper faults that displayed minimal evidence of oxidation or enrichment, and suggested that an 
enrichment blanket there must have been eroded away.   
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2.4. Objectives 
The geology and hypogene mineralogy of the Butte District has been exhaustively 
studied (Weed, 1912, Meyer, 1965, and many others) and has provided a wealth of information 
regarding ore-forming processes which contributed heavily to the development of key models for 
the description and formation of porphyry-lode deposits.  In this study, modern analytical 
techniques were used to determine the mineralogy and geochemistry of supergene enrichment in 
the Continental Pit.  Geochemical pathways for the formation of secondary copper phosphates 
are modeled and implications for the exhumation and enrichment of the Continental Pit area are 
discussed.  GIS analysis, checked by fieldwork, aims to show the distribution of leached, 
oxidized, enriched, and unaltered zones at the D-North pushback.  Arsenic, zinc, and lead are 
known contaminants at Butte, and penalty metals that MR must carefully account for.  It is 
imperative to understand the behavior of these elements in the supergene geochemical 
environment to facilitate efficient mining and remediation.  Mining at the D-East pushback of the 
Continental Pit is currently moving through leached material, and supergene enrichment will be 
encountered there within the next five years.  Recommendations are made to more effectively 
blend penalty metals in areas affected by supergene enrichment.    
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3. Methods 
3.1. Fieldwork and Sample Collection 
Fieldwork was conducted from June 2015 to August 2016.  Samples were collected as 
mining exposed new rock, and sample location was determined using Trimble 7-Series GNSS 
(Global Navigation Satellite System) handheld receivers.  Location data were post-processed 
using the differential correction service available through the Trimble GPS Pathfinder Office 
software.  Samples were numbered and any notes, assay, and/or pXRF data entered into a 
spreadsheet.  In several cases, multiple samples were collected at a single location and later 
assigned individual sub-labels as appropriate.  Standard geological mapping techniques were 
employed to record and describe major rock types, alterations, and structures relevant to this 
study; structural orientations were recorded with a Brunton geological compass.  This study uses 
both Imperial and Metric units. 
3.2. Sample Preparation 
Epoxy-mounted polished sections (1” diameter) were created using an MK diamond trim 
saw and Buehler automatic lap.  Although many samples were soft and did not polish well, an 
attempt was made to achieve a 0.05-micron polish using aluminum oxide suspension.  Multiple 
polished sections from each sample were assigned sub-labels.  Grain mounts for SEM-EDS 
micro-crystal imagery and analysis were created with epoxy or directly mounted on double-sided 
carbon tape.  Samples for SEM-EDS analysis were carbon coated.  Grain mounts for Raman 
micro-spectroscopy were mounted and oriented on glass slides using putty. 
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3.3. Analytical Techniques 
Numerous analytical techniques were used in this study to identify minerals and 
determine paragenesis.  When available, complementary techniques were used so as to provide 
positive mineral identification. 
3.3.1. Optical Microscopy and Photography 
Initial observations of mineralogy and small-scale textures were made using reflected 
light microscopy.  Polished sections were imaged in natural light with a macro lens and the 
16MP high-dynamic-range sensor on a Samsung S5 smartphone; these images were used to 
guide later investigations and pinpoint analysis sites.     
3.3.2. X-Ray Fluorescence  
This study used two different portable X-Ray Fluorescence (pXRF) instruments.  During 
preliminary investigations, an Oxford Instruments X-MET 5100 pXRF owned by Montana 
Resources, LLP., was used to guide initial sampling.  A newer Thermo Scientific Niton XL3t 
GOLDD+ pXRF spectrometer owned by Montana Tech (Figure 8) was used to obtain a semi-
quantitative determination of elemental abundances in polished sections and hand samples.  
These instruments have a window size of approximately 1cm2, and although pXRF analysis is 
useful to guide investigations, significant matrix effects can occur.  Each polished section was 
analyzed with the Niton pXRF for 60 seconds using the “Test All Geo” mode.  The Niton pXRF 
was also used for more detailed field investigations in select areas.  XRF data are reported in 
parts per million (ppm), unless specified otherwise. 
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Figure 8: A Niton pXRF is used in the field to obtain real-time compositional information. 
 
3.3.3. Raman Micro-Spectroscopy 
Raman micro-spectroscopy was used to identify minerals in chips and polished sections, 
and to guide selection of samples for more detailed study with scanning electron microscopy.  
Samples were analyzed with a Renishaw inVia Raman microscope equipped with 514nm, 
633nm, and 720nm lasers.  Samples were exposed to the 514nm beam for 3 seconds, with 12 
accumulations; spectra were visualized and saved with the program WiRE 4.1.  The program 
CrystalSleuth was used to qualitatively match spectral peaks and identify minerals based on the 
fit of spectra in the program’s database.  CrystalSleuth was created through the RRUFF spectral 
data collection project of Bob Downs and Tom Laestch at the University of Arizona (Laestch 
and Downs, 2006).    
3.3.4. SEM-EDS 
Mineral identification and textures in polished sections were confirmed and imaged with 
the LEO 1430VP Scanning Electron Microscope located in the Center for Advanced Mineral and 
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Metallurgical Processing (CAMP) at Montana Tech.  This instrument is equipped with two 
EDAX Apollo 40 energy dispersive spectroscopy (EDS) detectors, each with a 3.3 window type 
and collection rate of 35,000-55,000 counts per second.  EDS elemental analysis uses a standard-
less correction factor which accounts for atomic number, fluorescence, and absorption effects.  
Imagery was collected with the backscatter electron (BSE) or secondary electron detectors as 
appropriate.      
3.3.5. X-Ray Diffraction 
X-Ray Diffraction was performed at CAMP, using a Rigaku Ultima X-Ray 
Diffractometer set to 10deg/min over the interval 5-90 degrees, at 40kV acceleration voltage and 
44mA probe current.  Samples were powdered to approximately 400mesh and pressed into a 
glass slide for analysis.   
3.3.6. Terraspec HALO SWIR mineral analyzer 
Identification of clays and other minerals was performed with the Terraspec HALO 
shortwave infrared (SWIR) mineral analyzer.  This instrument shines a calibrated light source 
onto the sample, and uses proprietary software to compare the spectral signature to a mineral 
database.  The software ranks the mineral identification confidence and displays a “star rating” 
on the screen: three stars indicates 90% or better confidence, two stars a 60-90% confidence, and 
one star <60% confidence.  The HALO also reports various scalars related to the crystallinity or 
composition of the minerals reported.  It has a spectral range of 350-2500nm, with a spectral 
resolution of 3nm at 700nm, 9.8nm at 1400nm, and 8.1nm at 2100nm.   
3.3.7. Cu-isotope analysis  
Copper isotopic analysis was performed at the University of Arizona by Nicholas Allin 
and Dr. Ryan Mathur of Juniata College, Pennsylvania.  Methods are the same as described in 
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Song et al. (2016).  Samples were dissolved in ultrapure aqua regia, and introduced into an 
inductively coupled plasma mass spectrometer (ICP-MS) that produced 1-3V 63Cu signals.  Mass 
bias was corrected by bracketing samples with the NIST 976 Cu standard.  Data are presented in 
per mil (‰) units as δ65Cu, and analytical uncertainty is reported at ±0.15‰. 
3.3.8. S-Isotope analysis 
Sulfur isotopic analysis was performed by Dr. Simon Poulson at the University of 
Nevada-Reno.  Samples of pyrite and secondary chalcocite were hand-picked and powdered 
using a mortar and pestle, and transferred to small glass vials. The samples were analyzed for S-
isotopes using a dual inlet Micromass IsoPrime stable isotope ratio mass spectrometer. All S-
isotope data in this study are reported in per mil (‰) relative to the Vienna Canyon Diablo 
Troilite (VCDT). Estimated analytical uncertainty based on replicate measurements is ±0.1‰.  
3.4. Software 
3.4.1. Geographic Information Systems (GIS)  
Blasthole assay data from the D-North pushback were provided by Montana Resources, 
LLP., and were visualized using ArcGIS 10.4.  To protect the proprietary nature of these data, 
figures included in this thesis do not show detailed grade information, but rather provide 
comparative color zoning for visualizing geochemical processes.   Benches 6160’ through 5760’, 
at a 40’ vertical interval, were investigated.   For these bench maps, the ratio of Fe (wt%) to Cu 
(wt%) was calculated to show areas that have secondary iron minerals but have been leached of 
Cu.  The purpose of this calculation was not only to identify the leach cap, but also to eliminate 
hypogene vein mineralization, where there are significant amounts of pyrite.  The Fe:Cu ratio 
and total Cu (TCu) assay data were then converted to rasters using an inverse distance 
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interpolation, and viewed and colored as a multi-band raster for the final bench maps.  A spatial 
model was created in ArcGIS to expedite this process.     
A simplified east-west cross section of the D-North pushback was created at the 
135100’N latitude (Anaconda Coordinate System).  This vertical section shows a schematic of 
leached and enriched areas from the 6160’ bench through the 5760’ bench.  Data were restricted 
to the 135100’N latitude using a definition query, and manipulated in 3D using ArcSCENE.  A 
horizontal visualization was generated, and major grades zones outlined using the drawing tools 
in Microsoft PowerPoint.        
3.4.2. Geochemical Modelling 
Geochemical modelling and construction of phase diagrams was conducted using the 
programs STABCAL (Huang, 2016) and Visual MINTEQ 3.1 (Gustafsson, 2013).  Plots of 
phosphate solubility vs pH were created using Visual MINTEQ.   Sweep runs were calculated 
which varied pH from 2 to 8 and calculated phosphate solubility at increments of 0.25 pH units 
at 25°C with the following “possible phases” allowed to precipitate.  
Strengite: Fe3+PO4 · 2H2O 
Vivianite: Fe32+(PO4)2 · 8H2O 
Apatite: Ca5(PO4)3(OH)   (Hydroxylapatite) 
Siderite: FeCO3 
Ferrihydrite:  Fe103+O14(OH)2 
Conditions were specified at 100ppm Fe2+ or Fe3+, 100ppm Ca2+, 1000ppm SO42- and 
10ppm PO43-.   Partial pressure of CO2 was set at 100x atmospheric, which is typical for 
groundwater.  Two figures were created with this method and by specifying the presence of 
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ferric or ferrous iron; an oxidized-environment (strengite-apatite) plot and a reducing-
environment (vivianite-apatite-siderite) plot.   
Visual MINTEQ was also used to create plots which show how the concentrations of 
Cu2+, Fe3+ (or Fe2+ ), Al3+, PO43- vary with respect to pH as different minerals precipitate.  Again, 
two figures were constructed to reflect both reducing and oxidizing assemblages.  In order to 
include the copper phosphates turquoise and chalcosiderite, thermodynamic data from Nriagu 
(1984) were added to the Minteq database.  As shown below, logK values from Nriagu (1984) 
were adjusted to account for dissociation of water; resulting in a logK of -67 for turquoise and -
93.7 for chalcosiderite.     
Turquoise CuAl6(PO4)4(OH)4 ∙ 4H2O → Cu2+ + 6Al3+ + 4PO4-3 + 8OH- + 4H2O         logK: -179  
Rewritten as: CuAl6(PO4)4(OH)4 ∙ 4H2O + 8H+ → Cu2+ + 6Al3+ + 4PO4-3 + 12H2O        logK: -67            (4) 
Chalcosiderite CuFe6(PO4)4(OH)4 ∙ 4H2O → Cu2+ + 6Fe3+ + 4PO4-3 + 8OH- + 4H2O        logK: -205.7  
Rewritten as: CuFe6(PO4)4(OH)4 ∙ 4H2O + 8H+ → Cu2+ + 6Fe3+ + 4PO4-3 + 12H2O       logK: -93.7         (5) 
Eh-pH diagrams were created for the systems P-Al-S-Cu and P-Fe-S-Cu at 25°C using 
the program Stabcal (Huang, 2016), with thermodynamic data for turquoise and chalcosiderite 
added to the database from Nriagu (1984).  The ∆G value for chalcosiderite required 
modification in order to get chalcosiderite to plot—more on this in the discussion.  The 
Geochemist’s Workbench (Bethke and Yeakel, 2017), student edition, was used to create an Eh-
pH diagram for the minerals strengite and vivianite.   
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4. Results 
Figure 9 shows locations where mineralogical investigations were conducted within and 
around the Continental Pit.  These locations are referred to throughout the following sections.  
 
Figure 9: Sampling locations and major faults within the Continental Pit area (Imagery Google Earth, 2014). 
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4.1. Structural Controls  
As was shown by McClave (1973) in the Berkeley Pit (see Figure 7), supergene 
enrichment is more prominently developed with depth along MSVs and faults, necessitating a 
review of supergene mineralogy in the Continental Pit.  The Continental Fault exerts obvious 
structural control over the distribution of enrichment; at the 5760’-5880’ benches at the D-North 
pushback, significant chalcocite enrichment occurs immediately east of the fault, and intensely 
leached and oxidized rock immediately to the west (Figure 10).  MSVs occur in a radial pattern 
in the Continental Pit, as shown by blasthole assay data (Figure 11).   Numerous small faults 
commonly occupy or parallel MSVs; at the D-North pushback these structures generally strike 
SW-NE and dip steeply to the SE.  Rock types with less intense hypogene alteration and/or lower 
permeability, such as aplite and quartz porphyry, typically display more limited chalcocite 
enrichment.  Fault striae in clays and secondary minerals indicate that faulting was contiguous 
with supergene processes.   
 
Figure 10: The Continental Fault: 5800’ bench, D-North Pushback; fault zone is shown with dashed red lines.  
White powdery supergene argillic alteration is visible in the foreground, with orange-brown leached material 
in the background.  View is towards the NW; 40’ benches. 
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Figure 11: Blasthole assay data show where As content is above 0.1% (red).  This effectively highlights the 
distribution of MSVs within the Continental Pit. 
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4.2. Mineralogy of the Continental Pit  
4.2.1. Main Stage Vein Mineralogy 
Although MSVs in the Continental Pit are smaller than MSVs in the Central Zone of the 
district, they are the primary source of the penalty metals As, Zn, and Pb, and are therefore of 
considerable interest to MR.  Lamsma (2012) provided additional detail regarding the hypogene 
mineralogy of the Continental Pit, identifying sphalerite, galena, enargite and tetrahedrite in 
MSVs.  MSVs in the Continental Pit typically display prominent sericitic alteration envelopes.  
In this study, four main types of MSVs were observed in the Continental Pit, reflecting 
Intermediate and Peripheral Zone mineralization.  Defining mineralogy in these types are as 
follows; 1) sphalerite-pyrite-chalcopyrite, 2) sphalerite-galena±As/Sb/Ag, 3) bornite-chalcocite-
pyrite-chalcopyrite±As/Sb/Ag/Mn, and 4) sphalerite-galena-rhodochrosite (Figures 12-16).  
These vein types are gradational, and the mineralogy of a single vein can vary significantly 
horizontally and vertically. 
 
Figure 12: Main Stage Vein containing bornite, chalcocite (hypogene), chalcopyrite, and pyrite; 5440’ bench, 
C-East pushback.  Note rafted quartz vein sections, sample from C-East, 5440’ bench. 
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Figure 13: Macro imagery of samples from the MSV in Figure 12; with chalcocite (cc), bornite (bn), pyrite 
(py), and minor chalcopyrite (cpy). 
 
 
Figure 14: MSV with euhedral galena, sphalerite, and tetrahedrite, 5400’ bench, C-East pushback.  White 
mineral is calcite, which may or may not be associated with MSV emplacement. 
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Figure 15: Reflected light microscopy image of the MSV in Figure 14; with sphalerite (sph), galena (gal), 
tetrahedrite (tet), pyrite (py), and chalcopyrite (cpy).  Plane polarized light, FOV=2mm.   
 
 
Figure 16: Euhedral sphalerite and quartz from a MSV at the 5600’ bench at C-South. 
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4.2.2. Supergene Mineralogy 
Reduced and oxidized mineral assemblages were investigated throughout the Continental 
Pit (Figure 9).  At the time of writing, mining at the D-North pushback was progressing through 
the chalcocite enrichment zone, and mining at the D-East pushback was removing leach cap 
material to be used for tailings dam construction.  Supergene mineralogy was also investigated at 
other areas of the mine, including along the Sarsfield Ramp (west highwall), and the C-South 
pushback. 
4.2.2.1. D-North Pushback 
4.2.2.1.1. Chalcocite 
The presence of supergene chalcocite (Cu2S) at the D-North pushback of the Continental 
Pit was confirmed with X-Ray diffraction and SEM-EDS analysis (see Appendix A for 
additional imagery and analytical results).  Chalcocite replaces pyrite veins (Figures 17-18) and 
pods, forming crumbly, sooty masses especially visible in the 5880’ to the 5760’ benches.  At the 
5880’ bench, rare exposures of massive pyrite up to 2m across and partly replaced by chalcocite 
were observed.  Granitic rock in the enrichment areas commonly exhibited intense supergene 
argillic alteration.  XRF data suggests chalcocite commonly contains other elements such as As 
(to 0.2wt%), Zn (to 0.3wt%), and Pb (to 1.5wt%), although SEM-EDS examination failed to 
reveal distinct As, Zn, or Pb phases.  Chalcocite-rich sheared clays occurred where movement 
crushed primary vein sulfides.  
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Figure 17: Chalcocite replacement of a pyrite vein, D-North pushback, 5840’ bench. 
 
 
Figure 18: Reflected light macro imagery of chalcocite (cc) and pyrite (py); same sample as previous image. 
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4.2.2.1.2. Secondary Phosphates  
Turquoise, CuAl6(PO4)4(OH)8 · 4H2O, was identified within the supergene enrichment 
blanket at the 5840’ bench of the D-North pushback.  SEM-EDS analysis, Raman micro-
spectroscopy, X-Ray fluorescence, and the Terraspec HALO SWIR mineral analyzer were used 
to confirm the presence of turquoise (see Appendix A for additional imagery and analytical 
results).  Turquoise exists as fracture-filling veinlets up to 2cm width, and ranges in color from 
pale to bright blue (Figures 19-22).  Initial analysis with the Oxford Instruments X-MET 5100 
pXRF suggested that arsenic concentrations in turquoise could be as high as ~0.5 wt%, although 
later analysis of polished sections with the Niton pXRF found arsenic concentrations to be ~0.15 
wt% (see Appendix A for pXRF data).  SEM-EDS analysis did not find discrete As minerals 
associated with turquoise, nor did it reveal significant As within turquoise as the concentrations 
in these samples are below the level of detection for that instrument.  Turquoise from D-North 
commonly is finely intergrown with kaolinite (identified with the Terraspec HALO), and 
associated with intense supergene argillic alteration.  Many samples of turquoise display fault 
striations.  SEM-EDS imagery and analysis indicates that Al-rich end-member turquoise formed 
alongside chalcocite within the enrichment zone (Figure 22).  Samples of secondary Cu-
phosphates from the 6000’ bench of D-North were shown to be chalcosiderite, 
Cu(Fe3+)6(PO4)4(OH)8 · 4H2O, the Fe-rich end member of the turquoise-chalcosiderite solid 
solution.  
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Figure 19: Turquoise vein in heavily altered Butte Granite, D-North pushback, 5840’ bench.   
 
 
Figure 20: Turquoise with pyrite, chalcocite, quartz, biotite and feldspars.  D-North, 5840’. 
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Figure 21: Turquoise with pyrite and chalcocite, D-North 5840’. 
 
 
Figure 22: SEM imagery of turquoise (tq), pyrite (py), and chalcocite (cc).  Detail of previous image. 
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4.2.2.1.3. Native Copper 
In one area at the 5800’ bench of the D-North pushback, the author located a significant 
concentration of native copper in blasted muck.  Native copper from this location forms dendritic 
and finely crystalline masses, as fracture-fillings in massive white vein quartz (Figure 23).  
Copper is associated with minor cuprite. 
 
Figure 23: Native copper on quartz, D-North pushback, 5800’ bench.   
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4.2.2.1.4. Clays 
At D-North, areas with intense supergene argillic alteration were observed (Figure 24).  
Feldspar replacements and fracture-filling veinlets of kaolinite, K-illite, and halloysite, identified 
with the Terraspec HALO and pXRF, were observed at the 5840’ bench (Figure 25).  The 
Terraspec HALO showed that kaolinite from D-North was poorly crystalline, indicating that it 
formed in a low-temperature weathering environment and not due to hypogene alteration.  Areas 
that displayed this intense supergene argillic alteration were generally more likely to contain 
good chalcocite enrichment and variable amounts of turquoise.  XRF investigation showed that 
clays at D-North contain arsenic to ~150ppm and Cu to ~600ppm.       
 
 
Figure 24: Zone of intense supergene argillic alteration (white area between red dashed lines), view is from 
the 5800’ bench, looking north.  D-North pushback; 40’ benches. 
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Figure 25: Polished section of halloysite from D-North, 5840’ bench.  Epoxy has penetrated fractures and 
porous edges of this sample. 
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4.2.2.2. D-East Pushback 
4.2.2.2.1. D-East Leach Cap Mineralogy 
Leach capping mineralogy at the D-East pushback is dominated by secondary iron 
minerals and clays.  Hematite, goethite, “limonite” (amorphous), and jarosite-group minerals 
(MFe3+ 3(SO4)2(OH)6, where M= K, Pb, Na, NH4+, H3O+, or Sr), are abundant (Figure 26).  
Jarosite, identified through Raman micro-spectroscopy, Terraspec HALO analysis, and XRF, is 
present as ubiquitous yellow to golden-brown crusts and fracture-fillings in leached rock as well 
as modern alteration near sulfides exposed by mining activity.  XRF analysis suggests the 
existence of plumbojarosite at D-East.  Raman micro-spectroscopy provides evidence that some 
jarosites may be natrojarosite, although only limited solid solution is known to exist between 
jarosite and natrojarosite (Desborough et al. 2010).  Goethite/limonite boxworks are abundant 
especially where massive sulfides once existed in weathered MSVs.  Feldspars show significant 
alteration to clays; kaolinite, halloysite, and K-illite were identified with the Terraspec HALO 
mineral analyzer.  Secondary Cu-phosphate mineralization exists at D-East as chalcosiderite, 
which was observed at the 6360’ and 6320’ benches.  A complete solid solution exists between 
turquoise and chalcosiderite; turquoise is usually blue, whereas chalcosiderite forms pale green 
fracture and void fillings (Figures 27).  Chalcosiderite contains trace arsenic (up to ~50ppm), and 
like turquoise from D-North also displays fault striations (Figure 28).  SEM imagery of 
chalcosiderite shows that it is finely intergrown with jarosite (Figure 29).  Minor amounts of 
azurite and malachite were found in one area at the 6320’ bench of D-East.   
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Figure 26: Quartz with limonite and jarosite, D-East 6360’ bench. 
 
 
Figure 27: Chalcosiderite, jarosite, and limonite with quartz, D-East 6360’ bench. 
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Figure 28: Chalcosiderite and jarosite with fault striations, D-East 6360’ bench. 
 
 
Figure 29: SEM image of chalcosiderite (ch) and jarosite (jar) with quartz (qtz), same sample as Figure 18. 
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4.2.2.2.2. I-15 Roadcut 
Chalcosiderite was also found along the steep roadcut next to the south-bound lane of I-
15 (Figure 30), along with jarosite and iron oxides/hydroxides.  Samples of this material display 
prominent fault striations.  Chalcosiderite at this location occurs at elevations approximately 
ranging between 6380’ to 6320’, aligning well with observed areas of chalcosiderite 
mineralization at the D-East pushback.  Field investigation with the Niton pXRF revealed the 
presence of arsenic adsorbed onto secondary iron oxides, commonly into the 200ppm range.  
Several weathered MSVs, with euhedral quartz crystals to 3cm were observed, and the presence 
of quartz-porphyry dikes was noted.  A brief reconnaissance of the road cut in the north-bound 
lane failed to identify any secondary phosphates.  Areas of fresh sulfides with post-excavation 
mineral salts are exposed at the base of the cut.   
 
Figure 30: Satellite imagery (Google Earth, 2016) of the I-15 roadcut, south-bound side, looking west.  
Weathered MSVs are clearly visible, and several quartz porphyry dikes are exposed at the northern end of 
the cut. 
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4.2.2.3. Other Areas 
4.2.2.3.1. C-South 
Wulfenite (PbMoO4) was found associated with anglesite (PbSO4) at the southern end of 
the Continental Pit at the 5600’ bench, and was identified with XRF, SEM-EDS, and Raman 
micro-spectroscopy.  Acicular pale brown crystals of wulfenite to 3mm (Figures 31-33) occur in 
fractures and voids with minor anglesite and malachite, directly on an oxidizing MSV containing 
sphalerite, galena, and rhodochrosite.  Growth patterns of wulfenite druzes along fracture 
surfaces resemble liesegang banding.  Polished sections of MSV material from this area show 
galena with chalcocite replacement, and minor cuprite was also noted at C-South.   
 
Figure 31: Acicular bipyramidal wulfenite on quartz, C-South, 5600’ bench. 
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Figure 32: Wulfenite druze with faint liesegang banding, on sphalerite, pyrite, and quartz.   
C-South, 5600’ bench. 
 
 
Figure 33: SEM backscatter electron image of wulfenite on quartz, C-South, 5600’ bench.   
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Significant zeolite mineralization was identified at C-South, particularly at the 
southeastern corner of the pit.  Zeolites exist as euhedral to subhedral fracture fillings.  Raman 
micro-spectroscopy suggests the presence of Ca-stilbite and Ca-chabazite, associated with 
calcite.  It should be noted that Peet (2011) identified stellerite-calcite fracture fillings in the 
Continental Pit, and inferred a formation temperature of ~120°C and pressures below 0.25kbar.  
4.2.2.3.2. West Wall / Sarsfield Ramp 
Supergene enrichment is exposed along the west wall of the Continental Pit and 
immediately west of the Continental Fault.  Chalcocite is present as a replacement of pyrite, and 
SEM-EDS analysis found chalcocite also as a replacement of galena in a small MSV in this area.  
Secondary plumbogummite (PbAl3(PO4)2(OH)5·H2O) and anglesite are also present in this 
sample (Figures 34-35).   
 
Figure 34: Chalcocite (cc) and plumbogummite replacing galena (gal), with sphalerite (sph), Sarsfield Ramp 
area. 
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Figure 35: SEM image of chalcocite (cc) and plumbogummite (pg) replacing galena (gal).   
 
4.3. Sarsfield Ferricrete 
An exposure of a ferricrete deposit was mapped at the western edge of the Continental 
Pit, at an elevation of approximately 5400’, and maximum apparent thickness of approximately 
30’.  Due to safety concerns, this exposure has limited accessibility.  Its basal contact truncates 
primary veining and structures in the Butte granite, and it is overlain by younger basin-filling 
sediment (Figure 36).  This ferricrete is moderately well indurated and is matrix supported; the 
matrix is typically a mixture of grus and iron oxides.  Investigation with Raman micro-
spectroscopy and the Terraspec HALO identified both hematite and goethite (possibly the beta 
polymorph akageneite), and SEM-EDS work produced images of small-scale textures.  Clasts 
range in size from 0.5cm to over 10cm, and are sub-rounded to angular.  Clast lithology consists 
of a highly altered Butte Granite assemblage, including weathered feldspars and phyllosilicates 
partially replaced with clays and iron oxides (Figures 37-39).   
gal 
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Figure 36: The Sarsfield ferricrete; hypogene veins and structures are truncated by an unconformity (dashed 
red line), especially visible at the far right of this image.  It is overlain by younger sediment and disturbed 
alluvium.  40’ benches. 
 
 
Figure 37: The Sarsfield ferricrete.  Clasts of a highly-weathered Butte Granite assemblage are present in a 
matrix of iron oxide and grus.  
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Figure 38: Reflected light microscopy image showing a mica (probably biotite) heavily altered and replaced 
by iron oxides.  Detrital hematite is present (hm).  Plane polarized light, FOV=2mm. 
 
 
Figure 39: SEM image of the Sarsfield ferricrete; with K-feldspar (K-spar), hematite (hm), quartz (qtz), 
biotite (bt), and goethite (goe). 
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4.4. GIS Analysis of Assay Data 
A schematic cross-section of the D-North pushback at 135100ft N was produced with 
blasthole assay data, and shows the development of the leached and enriched zones, as well as 
the location of the Continental Fault zone (Figure 40).    Sample locations for chalcosiderite, 
turquoise, and native copper are shown.  
Figures created through GIS analysis of blasthole assay data at the D-North pushback 
show areas of leaching and enrichment.  Areas with a high Fe:Cu ratio represent oxidized leach 
cap rock and are shown in red; areas of high total Cu assay grades are shown in green.  The 
Fe:Cu ratio and TCu grades are used as a basemap onto which to display Zn, Pb, and As assay 
data.  These data display the differences in geochemical mobility of Cu, Pb, Zn, and As in the 
supergene profile (Figures 41-42).  See Appendix B for all figures.  As discussed above, Cu is 
highly mobile in this environment and the figures show distinct leached (red) and enriched 
(green) areas.  The Continental Fault is clearly visible where it juxtaposes the leach cap and 
enrichment blanket.  In leached, iron-oxide rich areas, Pb has formed relatively insoluble 
secondary minerals, and has become incorporated into the structure of other secondary minerals 
such as jarosite (plumbojarosite).  Assay data for Pb typically show where Pb-containing MSVs 
have weathered in the leach cap.  Zinc is highly mobile and is readily leached from the oxidized 
zone; Zn assay data highlight MSVs in enriched and hypogene areas, but Zn can also be included 
in non-MSV chalcocite and clays.  Due to the tendency of As to adsorb onto iron oxides and 
clays and form secondary minerals throughout the supergene profile, As assays are scattered, but 
generally become more vein-defined below the enrichment blanket.   Bench grade maps 
highlight the influence of topography, and thus the elevation of the water table, on the 
development of leached and enriched zones.  Graticles shown on these figures are marked in the 
Anaconda Coordinate System used by Montana Resources, LLP., in international feet. 
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4.5. Stable Isotopes 
4.5.1. Sulfur Isotopes 
Results of sulfur isotopic analyses of chalcocite and pyrite are presented in Table I 
(below).  Cu and Fe content (ppm) were determined by XRF analysis of powdered samples.  
Photos of hand samples used for these analyses are included in Appendix A.     
Table I: Sulfur isotopic composition of chalcocite and pyrite with XRF analysis of Fe and Cu. 
 
Sample Location Cu (ppm) Fe (ppm) δ34S(VCDT)‰ 
KE143CC D-North 5840' 70000 5060 +2.8 
KEDNCC D-North 5840' 574000 11000 +2.9 
KEDNPY D-North 5840' 147000 248000 +3.2 
KECEPY C-East 5440' 1190 365000 +3.9 
KE154CC D-North 5800' 132000 222000 +3.5 
 
4.5.2. Copper Isotopes 
Results of copper isotopic analyses of malachite, turquoise, chalcocite, and native copper 
are presented in Table II. Photos of hand samples used for these analyses are included in 
Appendix A.     
Table II: Copper isotopic compositions of selected minerals. 
 
Sample Location Phase δ65Cu ‰ 
KEBP1 Pittsmont Dump malachite +0.48 
KE021A D-North 5840' turquoise -1.28 
KEDNCC1 D-North 5840' chalcocite -5.54 
KECUI D-North 5800' native Cu +7.36 
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4.6. Analysis of Turquoise and Chalcosiderite 
Raman micro-spectroscopy, along with pXRF and SEM-EDS investigations were used 
extensively to identify the secondary phosphates turquoise and chalcosiderite, as well as other 
minerals.  A comparison of Raman spectral signatures of turquoise from D-North and 
chalcosiderite from D-East was made with spectra of the same minerals from the RRUFF 
database (Laetsch and Downs, 2006), and is presented in Figure 44.  Diagnostic peaks and peak 
shifts associated with the turquoise-chalcosiderite solid solution have been reported by Frost et 
al. (2013), although the mentioned peak locations were not identifiable in this study.    
Polished section DNCH3 (Figure 43) from the 6000’ bench of D-North shows 
intergrowths of green chalcosiderite and jarosite juxtaposed next to pale blue turquoise.   Raman 
micro-spectroscopy indicates that the pale blue turquoise region could be less crystalline than the 
chalcosiderite region (Figure 45), or could be finely included with clays or sulfates.  SEM-EDS 
analysis of this sample showed that the greenish region is more iron-rich and the bluish region is 
relatively iron-poor; white material was largely silica, which could be amorphous.   See 
Appendix A for SEM-EDS imagery and analysis of DNCH3.   
 
Figure 43: Polished section DNCH3; turquoise-chalcosiderite and jarosite, 6000’ bench, D-North pushback.  
SEM-EDS analysis showed that the blue area at the bottom of the image is relatively Fe-poor (3-4wt% Fe), 
and that the green area at the top of the image is Fe-rich (8-10wt% Fe).   
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5. Discussion 
5.1. Interpretation of Mineralogical Analyses 
5.1.1. Turquoise and Chalcosiderite 
Turquoise has been reported from the Berkeley Pit (Jenkins and Lorengo, 2002), and was 
described as “very scarce” and pale blue.  Chalcosiderite has not been previously reported from 
Butte.  Textures and mineral assemblages suggest that turquoise formed alongside chalcocite, 
which replaces pyrite, in the relatively reducing environment below the pre-mining water table.  
Turquoise and chalcocite are observed in contact with each other, as evidenced by SEM-EDS 
imagery (Figure 16).  Samples containing Al-rich turquoise from D-North notably lack oxidized 
iron minerals (goethite, hematite, “limonite”, jarosite, etc.), and exhibit intense supergene argillic 
alteration of feldspars to clay minerals (Figures 11 and 13).  XRF analysis shows that significant 
arsenic concentrations (commonly up to 0.2wt%) exist in most turquoise samples from the D-
North pushback.  SEM-EDS and Raman micro-spectroscopy failed to identify discrete arsenic 
minerals in these samples, suggesting that arsenic may be adsorbing onto surfaces or substituting 
for phosphorus in turquoise.  Field XRF analysis at D-East found phosphorus content of 
secondary iron oxides to be 0.2-0.4wt%.  It is possible that flooding of adsorption sites with 
phosphorus or other elements may out-compete arsenic, which is then able to migrate to other 
areas, including the enrichment blanket.  
Chalcosiderite is found closely associated with ferric oxides/hydroxides, and SEM-EDS 
analysis reveals that it is finely intergrown with jarosite (Figure 29).  This intergrowth with 
jarosite suggests that it formed in an oxidized and acidic environment.   SEM-EDS analysis of 
polished section DNCH3 (Figure 43) indicates that this sample could represent a reaction front 
between chalcosiderite and turquoise.   The sulfur content of some turquoise, as indicated by 
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XRF, could be due to the presence of chalcocite, secondary copper sulfates, or copper alumino-
sulfates (e.g. chalcoalumite).  
5.1.2. Stable Isotopes 
Sulfur isotope analyses were performed on samples from C-East and D-North which 
represent varying mixtures of chalcocite and pyrite within each sample.  The δ34S value for pure 
pyrite aligns well with the range of values reported for pyrite in the Continental Pit by Lamsma 
(2012); +2.5‰ to +5.1‰.  XRF analysis of these powdered samples enables the comparison of 
elemental abundances to total sulfur isotopic composition.  The ratio Cu:Fe was calculated, and 
compared to δ34S(VCDT)‰.  The apparent trend shown in Figure 46 suggests that δ34S decreases 
with increasing copper enrichment, which could be due to biological fractionation processes.  
Alpers and Brimhall (1989) proposed and Zammit et al. (2015) corroborate that sulfate-reducing 
bacteria (SRB) may be involved in supergene enrichment through the following reactions:   
CH3COOH + SO42- → 2HCO3- + H2S                                          (6) 
2Cu2+ + H2S + H2O → Cu2S + 4H+ + ½O2                                      (7) 
SRB metabolize organic compounds and release H2S, which reacts with Cu2+ to form 
chalcocite.  Chalcocite formed by bacterial sulfate reduction would theoretically be very light in 
δ34S (e.g. -20 to -30‰), whereas supergene chalcocite typically has δ34S values similar to the 
hypogene sulfide(s) that it has replaced (Seal, 2006).  If bacterial sulfate reduction is happening 
within the chalcocite blanket, it is likely subordinate to abiotic replacement of pyrite by 
chalcocite.     
 Sillitoe et al. (1996) found abundant bacterioform bodies at the chalcocite-pyrite 
interface in samples from porphyry systems in northern Chile.  There is an apparent scarcity of 
S-isotopic data for supergene chalcocite in the literature, and the author is not currently aware of 
60 
any isotopic study which investigated biologically mediated supergene enrichment.  It should be 
noted that sulfur isotopic compositions of sulfates derived from the weathering of sulfides are 
“indistinguishable” from that of parent sulfides (Seal, 2006).     
 
Figure 46: Overall sulfur isotopic composition of pyrite and chalcocite mixtures, compared to the ratio of Cu 
to Fe in each sample as determined by XRF.   
 
It is well documented that sulfur isotope fractionation occurs between H2S and sulfide 
minerals at elevated temperatures (Seal, 2006), giving rise to the technique of sulfur isotope 
geothermometry.  A possible source for H2S in the supergene environment could be the anoxic 
dissolution of sulfide minerals, of which sphalerite is especially soluble (Hawkes and Webb, 
1962).  This proceeds through the following reaction. ZnS(s) + 2H+  →  H2S + Zn2+                                                      (8) 
Seal (2006) provided the following reaction for the formation of sedimentary iron 
monosulfide (pyrrhotite), which eventually continues reacting to form pyrite.   
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Fe2+ + H2S → FeS(s) + 2H+                                                 (9) 
 
Note that these two reactions are essentially opposites, and Seal (2006) states that 
sedimentary pyrite formation does not yield sulfur fractionation.  Therefore, sedimentary pyrite 
provides a useful approximation of the δ34S composition of the dissolved sulfide from which it 
formed.  It follows that abiotic dissolution of sulfides in an anoxic environment likely produces 
H2S of the same δ34S composition.    
Collection of copper isotopic data in this study was opportunistic, and only four samples 
were run.  Previous studies of copper isotopes in Butte indicate δ65Cu values of hypogene Cu-
sulfides ranging between -0.30‰ to 0.37‰, and δ65Cu values of 5.07‰ to 5.64‰ for supergene 
chalcocite (Wall et al., 2010).  Secondary Cu sulfides are generally isotopically heavy relative to 
hypogene Cu-sulfides, although a wide range is reported; -6‰ to +8‰ (Mathur and Fantle, 
2015).  The δ65Cu value reported here for chalcocite from D-North, -5.54‰, varies significantly 
from the previous study of Wall et al. (2010), and is suspect.  Native copper from D-North was 
unusually heavy, at +7.36‰, while turquoise from D-North was measured at -1.28‰.  Malachite 
collected from the Pittsmont Dump likely came from leach cap material removed from the upper 
levels of the Continental Pit, and has a δ65Cu of +0.48‰.  If the new data are correct, they could 
represent cyclic leaching and enrichment associated with the more pronounced Basin and Range 
style tectonics in the eastern part of the Butte district.   
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5.2. Geochemical Pathways in the Supergene Enrichment Profile 
The distribution and intensity of supergene enrichment is controlled by the degree of 
sulfide mineralization, tectonic activity, the location of the water table, hypogene alteration style 
(gangue assemblage), hydrologic rock properties, climate, and soil development and biological 
processes.  At Butte, and especially at the D-North pushback of the Continental Pit, the 
numerous variables and small structures (veins, dikes, faults, etc.) create an enrichment blanket 
that is unpredictable at a small scale.  Nevertheless, larger-scale, generalized trends are definable 
and exploited.     
5.2.1. Leaching of Primary Mineralization 
The chemistry of iron and sulfur in an oxidized environment dominates the processes 
which occur in the oxidized zone and leach cap.  In Butte, areas of significant jasperoid and 
leach cap development have occurred locally near the larger MSVs in the central part of the 
district, forming reef-like structures that attracted early miners.  Blocks of Fe and Mn-rich 
jasperoid likely sourced from these reefs have been used as building and ornamental stone 
throughout uptown Butte and on the campus of Montana Tech.  Areas of more limited leaching 
occur between MSVs in the central zone.   Pyrite in the uplifted eastern blocks of the Pittsmont 
Dome has been heavily oxidized into distinct red-brown Fe-oxide leach caps present at higher 
elevations, and visible at the I-15 roadcut.  The D-East pushback displays this advanced stage of 
leaching, which could represent the repeated weathering of uplifted enrichment blankets.   As 
was shown by GIS analysis of blasthole assay data, leaching and enrichment processes closely 
follow pre-mining topography, and thus the water table.   
Apatite is very soluble at low pH, and although it only represents a minor component of 
the Butte Granite, it is ubiquitous and therefore considered the most likely phosphate source for 
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the formation of the secondary phosphates turquoise and chalcosiderite.  Apatite has also been 
reported from MSVs (Jenkins and Lorengo, 2002).  
5.2.2. Supergene Enrichment 
Copper enrichment in the Continental Pit was observed to occur through the replacement 
of hypogene pyrite, chalcopyrite, and galena with secondary chalcocite.  The replacement of 
sphalerite by covellite is thought to occur, and specimens of sphalerite from within the 
enrichment blanket show a metallic blue sheen on exposed surfaces and fractures.  SEM-EDS 
analysis of polished sections containing sphalerite failed to identify replacement textures along 
fractured surfaces.  It is possible that replacement of sphalerite with covellite and/or chalcocite 
occurred to a limited extent at an atomic scale along exposed surfaces.  Sphalerite is also one of 
the more soluble sulfide minerals present at Butte; perhaps it was simply too soluble for effective 
replacement.   
As shown previously, the formation of chalcocite produces acid, which then alters 
feldspars to clay minerals such as kaolinite.  This process yields supergene argillic alteration 
within the enrichment blanket; as uplift/faulting occurs, secondary and residual primary sulfides 
are re-mobilized, and continued acid attack results in a clay-rich leach cap.   
XRF data suggest that sheared chalcocite and clay-bearing veins occasionally contain the 
penalty metals As, Zn, and Pb, although SEM-EDS analysis failed to reveal the presence of 
discrete As, Zn, or Pb phases.  Adsorption processes are likely important in the retaining of 
penalty metals as well as precious metals in secondary minerals.  Reich et al. (2010) showed that 
the presence of arsenic increased the solubility of gold and silver into secondary digenite 
(Cu1.8S).  XRF analysis of chalcocite samples from D-North reports Ag content up to 80ppm, 
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although hypogene chalcocite from Butte can contain in excess of 1000ppm Ag (Szarkowski and 
Gammons, 2016)   
MSVs and large pyrite-bearing pMS veins at D-North are commonly also minor fault 
surfaces, and crushing of sulfides along these structures creates an increase in permeability and 
surface area ideal for secondary enrichment.  See Appendix C for images of sheared and 
enriched veins.   
The modeling of Lichtner and Biino (1992) showed that when pyrite exists above the 
enrichment blanket, the pH remains low, preventing secondary minerals such as cuprite, 
brochantite, and native copper from forming.  They suggest that during this phase of enrichment, 
chalcocite is the main secondary Cu mineral within the enrichment blanket.  When all pyrite has 
dissolved above the water table, they suggest that a more complicated secondary Cu assemblage 
may form.  At Butte, these processes, superposed onto small-scale lithologic and hydrologic 
variability, yield areas of secondary mineralization (potentially with good grades and/or penalty 
metals) that may be too small to be identified by standard deposit definition drilling.    
5.2.2.1. Weathering of Enrichment Products 
The weathering of chalcocite occurs in oxidizing conditions, and consumes acid, either in 
the form of protons or ferric sulfate. (equations from Zies et al, 1916)   Cu2S + 2H+ + SO42- + 2.5O2 → 2Cu2+ + 2SO42- + H2O                                (10)                                   Cu2S + 2Fe3+ + 3SO42- + 2O2  → 2Cu2+ + 2Fe2+ + 4SO42-                           (11) 
In areas where chalcocite has been exposed by mining activity, these processes yield 
post-mining mineral salts such as brochantite and chalcanthite.  Uplift of the enrichment blanket 
and subsurface weathering of chalcocite could produce copper ion concentrations in fluid high 
enough to yield native copper in areas with more limited sulfide mineralization.  Ferric sulfate, 
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upon reaction with chalcocite would yield ferrous iron, which could subsequently be oxidized to 
ferric iron and precipitate out as ferrihydrite.  Ferrihydrite is poorly crystalline, and alters to 
hematite or goethite as a function of temperature, humidity, and pH (Das et al., 2011).    
5.2.3. Proximal Secondary Minerals 
Wulfenite and anglesite formed directly on a MSV at the 5600’ bench of the C-South 
pushback.  Plentiful quartz-molybdenite veins occur in this part of the mine, and this 
molybdenum source located near a MSV in a less acidic, oxidizing environment provided the 
ideal conditions to form wulfenite through the following reaction (Blanchard, 1968). PbS + MoS2 + 3H2O + 13/2 O2 → PbMoO4 (s) + 3SO42- + 6H+                       (12) 
By application of Le Châtelier's principle, consumption of protons through reaction with 
carbonates or feldspars could drive the precipitation of wulfenite.  Liesegang banding would 
result as wicking of Pb and Mo-rich water along fractures encountered carbonates or more 
alkaline water.  The elongate bipyramidal habit of wulfenite from C-South could be due to rapid 
growth in the above conditions.   
Anglesite forms through the direct oxidation of galena: PbS + 2O2 → PbSO4                                                             (13) 
Or through the action of ferric ion: PbS + 8Fe3+ + 4H2O → 8Fe2+ + PbSO4 + 8H+                              (14) 
The formation of some wulfenite and anglesite could have occurred post-mining.   Assay 
data indicate that Pb is relatively immobile, and mineralogical analysis shows that Pb forms less 
soluble proximal secondary minerals in the leach cap, unlike Cu and As.   
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5.2.4. Topographic, Tectonic, Hydrologic, and Climatic Controls 
Supergene enrichment occurs at and below the water table, and is generally associated 
with reducing, anoxic conditions (Sillitoe, 2010).  Dense swarms of pMS pyrite and quartz-pyrite 
veins contributed to a hydrologic and mineralogically favorable environment, ideal for acid 
generation and mobilization of metals.  The influence of topography was shown through GIS 
analysis; the leach cap and enrichment blanket at D-North approximately parallel pre-mining 
topography.    
The Lowland Creek Volcanics (53-48Ma) erupted onto an erosional surface of Butte 
Granite, and unconformably overlie mineralization in the northwestern part of the district.  This 
suggests that supergene processes could have been happening since these volcanics were 
erupted, and possibly before.  As discussed above, the Continental Fault offsets supergene 
enrichment 90-180m (McClave, 1973), although total vertical movement along the fault, inferred 
from offset in hypogene zonation, is thought to be 1300m (Houston and Dilles, 2013).  This 
leaves potentially 1000m of mineralized rock available for progressive enrichment in the area 
east of the Continental Fault as uplift and faulting occurred.  The mass-balance modeling of 
Brimhall et al. (1985) suggested up to 450ft of erosion had occurred at Butte.  It is likely that the 
enrichment blanket at the D-North pushback is a remnant of the original enrichment blanket that 
extended south within the structural horst defined by the Continental and Klepper faults, parts of 
which were eroded away.   
Regional extension began in the Eocene as detachment faulting with associated 
metamorphic core complexes, and later transitioned into Basin-and-Range-style extension during 
the Miocene, which continues today to a lesser extent (Houston and Dilles, 2013).   Sears and 
Thomas (2007) describe the Basin-and-Range extension as a Mid-Miocene crustal disturbance in 
southwestern Montana which created a series of north to north-east trending grabens that began 
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to fill with sediment.  No radiometric or fossil dates exist for the movement along the 
Continental Fault or Butte valley alluvium, so local evidence of timing does not exist.  During 
the middle Miocene to late Pliocene the fluvial and alluvial Sixmile Creek Formation was 
deposited onto the late Eocene to early Miocene Renova Formation.  The Sweetwater Creek 
Member of the Sixmile Creek Formation is a diamictite that has been interpreted as massive 
debris flows, with clasts to 15m.  This tectonic disturbance is tentatively linked to the outbreak 
and movement of the Yellowstone hot spot (Sears and Thomas, 2007), and aligns well with the 
Middle Miocene Climate Optimum, during which temperatures were up to 4°C warmer than the 
present day (Zachos et al., 2001).  The combination of rapid tectonic activity with a warm, wet 
climate, likely produced a period of more intense supergene enrichment.   
The Continental Fault probably experienced significant offset during this time, and 
initially would have been a highly permeable structure.  As continued movement created a zone 
of gouge, argillic alteration along the fault would decrease permeability, and hydraulic head from 
uplifted areas to the east would cause seeps and springs to form at the fault scarp.  The ferricrete 
located along the Sarsfield Ramp could have formed as a spring discharged acidic groundwater.  
Natural acid rock drainage (ARD) may have developed near the fault scarp, with the oxidation of 
ferrous iron creating acidic surface flow as in the following reaction. Fe2+ + 1/4O2 + 5/2H2O → Fe(OH)3 + 2H+                                      (15) 
Fluid movement would back up behind the fault, and more intense chalcocite enrichment 
would occur closer to the fault zone, a hypothesis that is corroborated by field observations and 
blast-hole assay data at D-North.   
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5.3. Geochemical Modeling of Secondary Phosphates 
5.3.1. Phosphate Mineral Solubility Constraints 
An Eh-pH diagram for the system Fe-P was created using the student version of The 
Geochemist’s Workbench, Version 11 (Bethke and Yeakel, 2017), to show the stability fields of 
vivianite and strengite (Figure 47).  Ferric and ferrous iron are ubiquitous in the supergene 
profile within oxidized and reducing zones respectively, so unless strengite (Fe3+PO4 ∙ 2H2O) 
and vivianite (Fe32+(PO4)2 ∙ 8H2O) are soluble it is impossible to move enough phosphate to 
make other secondary phosphate minerals.   
 
Figure 47: Eh-pH diagram for the system Fe-P, at 25°C, created with The Geochemist’s Workbench (Bethke 
and Yeakel, 2017).  Activities of P and Fe are both set at 0.01 molal; changes in the relative activities of these 
components does not appear to change the locations of the stability regions. 
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Visual MINTEQ 3.1 (Gustafsson, 2013) was used to model the solubility of phosphate 
minerals in oxidizing and reducing environments.   Sweep runs were conducted, with pH varying 
between 2 and 8, in 0.25 increments.   Thermodynamic data for chalcosiderite and turquoise 
from Nriagu (1984) were used (see methods section).  In an oxidized environment with ferric 
iron (Figure 48), strengite is insoluble at low pH, with apatite insoluble at higher pH.  Maximum 
phosphate solubility occurs near a pH of 5.9, and is only ~0.1mmol, or approximately 0.3ppm.  
In a reducing environment (Figure 49) with ferrous iron, phosphate is mobile and vivianite does 
not form until the pH rises above 4.5.    
 
 
Figure 48: Phosphate solubility vs pH in oxidizing conditions at 10°C, created with Visual MINTEQ 3.1.  This 
plot shows the high solubility of apatite and low solubility of strengite at low pH values. 
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Figure 49: Phosphate solubility vs pH in reducing conditions at 10°C, created with Visual MINTEQ 3.1.  This 
plot shows the high mobility of phosphate at low pH in reducing conditions, and regions where vivianite, 
siderite, and apatite precipitate.   
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 Figure 50 was created with a pH sweep run in an oxidizing environment, and component 
concentrations of Cu2+, Fe3+, Al3+, and PO43- were observed to vary while precipitation was 
allowed for strengite, ferrihydrite, chalcosiderite, gibbsite, and tenorite.  Figure 51 was created 
with a pH sweep run in a reducing environment, with Fe2+ instead of Fe3+, and turquoise allowed 
to precipitate.  Turquoise appears to be relatively insoluble, and starts forming at pH=4.  The 
results of this modeling suggest that phosphate is very soluble in low-pH, reducing conditions.  
Phosphate from magmatic apatite in the Butte Granite would be mobilized at low pH.  In an 
environment that lacks Fe3+ but contains significant Cu2+ and Al3+, turquoise would precipitate at 
pH values between 4-4.5.  In oxidizing, acidic conditions, the low solubility of strengite limits 
the amount of phosphate that can be in solution. 
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5.3.2. Eh-pH Diagrams for Turquoise and Chalcosiderite 
Eh-pH diagrams for the systems P-Al-S-Cu and P-Fe-S-Cu, at 25°C, are shown below 
(Figures 52-54), and were created with the program Stabcal (Huang, 2016).  Thermodynamic 
data for turquoise and chalcosiderite were obtained from Nriagu (1984).  In the system P-Al-S-
Cu, with phosphorus content set at 1ppm, a turquoise stability field appears at low pH that 
mostly overlaps with the stability field for aqueous Cu2+ (Figure 52).  It is truncated at more 
reducing conditions by the stability fields for native copper and chalcocite.  When phosphorus 
content is increased to 10ppm, the turquoise field expands to higher pH values (Figure 53).  At 
P=10ppm, an area defined by pH values of 3-4.5, and Eh at 0.16-0.28V, allows for simultaneous 
formation of chalcocite and turquoise—a texture observed at the 5840’ bench of D-North. 
In order to get chalcosiderite to appear in Eh-pH space, modification of the ∆Gºf value 
from Nriagu was required.  The reported ∆Gºf for chalcosiderite is -1773 kcal/mol (Nriagu, 
1984).  However, after entering this value into Stabcal, it was not possible to get chalcosiderite to 
appear on the Eh-pH diagram even after changing the concentrations of other components.  
When ∆Gºf was decreased to -1800 kcal/mol, a stability field appeared within the Cu2+ region 
(Figure 54).  Although the width of the chalcosiderite field in Figure 54 is suspect because of the 
arbitrary change in free energy of the compound, the overall topology of the diagram should be 
correct.   Thus, chalcosiderite should be stable at conditions of relatively high redox state and pH 
below 3.  Overall, the Eh-pH diagrams for turquoise and chalcosiderite corroborate the results of 
geochemical modeling performed with Visual MINTEQ as well as observed mineral textures.      
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Figure 52: Eh-pH diagram for the system P-Al-S-Cu, at 25°C, with P=1ppm.  Thermodynamic data for 
turquoise from Nriagu (1984). 
 
 
Figure 53: Eh-pH diagram for the system P-Al-S-Cu, at 25°C, with P=10ppm.  Thermodynamic data for 
turquoise from Nriagu (1984).  Boxed region shows area where turquoise and chalcocite could form 
simultaneously. 
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Figure 54: Eh-pH diagram for the system P-Fe-S-Cu, with P=5ppm, and chalcosiderite ∆Gºf set to –1800 
kcal/mol.   
 
5.3.3. Formation of Turquoise and Chalcosiderite 
The above modeling, field observations, and mineral textures suggest that turquoise 
forms in weakly acidic (pH≈4-4.5), reducing conditions at or below the water table.  These 
conditions could be generated through the replacement of pyrite by chalcocite.  It is proposed 
here that chalcosiderite formed as an alteration product of turquoise after it was uplifted and 
exposed to strongly acidic (pH<3.5), oxidizing conditions.  As faulting/uplift works to lower the 
water table, the enrichment blanket experiences an increase in the aqueous Fe3+/Al3+ ratio, along 
with a coupled drop in pH and increase in Eh.  Turquoise is out of equilibrium in this 
environment, and likely alters to chalcosiderite and jarosite as in the following reaction. Cu(Al)6(PO4)4(OH)8 · 4H2O + 9Fe3+ + M+ + 2SO42- + 6H2O  →     Cu(Fe3+)6(PO4)4(OH)8 · 4H2O + MFe3+3(SO4)2(OH)6 + 6H+ + 6Al3+        (16) Where M = K+, Na+, NH4+, H3O+ 
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The presence of jarosite intergrown with chalcosiderite from D-East and D-North is 
evidence of a low pH environment required for this reaction to occur.  Abdu et al. (2011) 
investigated the alteration of secondary Cu phosphates, and showed that chalcosiderite could 
alter to pyrophyllite, hematite, and natrojarosite; they did not suggest that turquoise could alter to 
chalcosiderite.  They found impurities of Si and Ca within Cu phosphates, and identified a 
negative correlation between P2O5 and SiO2 + SO3.  Abdu et al. (2011) go on to propose that P 
can be leached from the structure of turquoise and replaced by Si and/or S.  They also report a 
negative correlation between Ca and Cu content in Cu phosphates. 
Raman micro-spectroscopy and Terraspec HALO SWIR analysis suggests the presence 
of kaolinite and/or less-crystalline phases in turquoise samples.  Kaolinite forms as an alteration 
of feldspar in low pH conditions, and is widespread in the enrichment blanket as supergene 
argillic alteration.  This process is represented by the following reaction: 2KAlSi3O8 + 2H+ + H2O → Al2Si2O5(OH)4 + 4SiO2 + 2K+                     (17) 
Silica, possibly amorphous, was observed in SEM-EDS analysis of sample DNCH3, and 
could result from the above reaction.  Turquoise from the 5840’ bench of D-North was of 
variable hardness, which could be due to some samples experiencing silicification, and other 
samples containing finely included kaolinite.  Nriagu (1984) states that although chalcosiderite is 
rarer than turquoise, it is thermodynamically more stable, but provides no evidence besides ∆G 
values.  Nriagu (1984) also states that other Cu phosphates (besides chalcosiderite) are unstable 
relative to turquoise, and that those phosphates require conditions of formation outside of what 
exists in a supergene environment.   
In addition to the above modeling, the presence of chalcosiderite in the leach cap at D-
East and above the enrichment blanket at D-North suggests that those higher levels were once 
chalcocite enrichment blankets that have been stranded above the water table as movement 
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occurred along the Continental Fault.  Figure 55 shows a simplified model cross-section which 
depicts how Continental Fault movement uplifts and alters turquoise to chalcosiderite.  Acidic 
seeps and springs along the fault would cement gravels with iron oxide, creating ferricretes.  
Movement along minor fractures is recorded as striations in both turquoise and chalcosiderite.      
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5.4. Paragenesis 
Figure 56 details the occurrence of all minerals positively identified in this study, along 
with other common minerals from Butte.  The categories Pre-Main Stage, Main Stage, 
Enrichment Blanket, Leach Cap, and Anthropocene correspond to time periods, mineralization 
events, and/or locations discussed in the text. 
 
Figure 56: Overview of the paragenesis of hypogene and supergene mineralogy at the Continental Pit.  
Dashed lines indicate a minor or trace mineral for the given category.  Note that chalcocite occurs as a high-T 
primary mineral in MSVs, but also as a supergene mineral that forms in the enrichment blanket.  Post-
mining salts such as brochantite and chalcanthite are likely present that were not investigated in this study. 
 
81 
6. Conclusions 
 Supergene processes have created unique secondary mineral assemblages in the leached 
and enriched areas of the Continental Pit.  Turquoise occurs in the most recent enrichment zone 
alongside chalcocite, and both minerals can contain arsenic.  Arsenic concentrations up to 
0.15wt% have been identified in turquoise.  Chalcosiderite was identified in the leach cap, 
alongside jarosite and other oxidized iron minerals.  Geochemical modeling indicates that 
chalcosiderite is an alteration product of turquoise which initially formed within the enrichment 
blanket, and was later uplifted and exposed to oxidizing, acidic conditions.  Chalcosiderite can 
therefore be used as a prospecting tool to identify where cyclic enrichment has occurred.  Both 
turquoise and chalcosiderite commonly display fault striations, indicating offset was 
accommodated along innumerable small fractures.  The Continental Fault exerts dominant 
structural control over the distribution of enrichment within the D-North pushback, with more 
intense chalcocite enrichment proximal to the fault zone.  Numerous smaller faults, fractures, and 
veins affect enrichment at a smaller scale.  The Sarsfield ferricrete was identified and described 
immediately west of the Continental Fault, along the Sarsfield Ramp.  This unit is thought to 
have formed as a result of acidic seeps and springs present along the Continental Fault during the 
peak of extensional activity—likely the Middle Miocene Disturbance.  Wulfenite and anglesite 
occur as proximal secondary minerals on a weathered MSV at the 5600’ bench of C-South.  
Sulfur isotopic analysis of pyrite and chalcocite samples from the Continental Pit display a subtle 
trend which could be due to the presence of sulfate-reducing bacteria at the pyrite-chalcocite 
interface.  Non-fractionated sulfur is still thought to dominate the pyrite to chalcocite 
replacement.  Copper isotope analysis yielded somewhat unusual results, but add to existing Cu-
isotope data from Butte.  The behavior of the penalty metals As, Pb, and Zn was investigated 
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with mineralogical analyses and GIS spatial techniques.  Zinc is mobilized from hypogene 
mineralogy and very little is left in the leach cap.  The weathering of galena produces insoluble 
secondary minerals, and Pb assays show the locations of weathered MSVs in the leach cap.  The 
behavior of As is complex, as some remains in the leach cap adsorbed to iron oxides, and it also 
can be incorporated into secondary minerals within the enrichment blanket.  The author 
maintains that the most effective way to mitigate penalty metals is through careful fieldwork and 
investigation of zones delineated by blasthole assays as mining progresses.  Even the most 
diligent deposit definition programs could miss small-scale zones of secondary minerals that may 
contain penalty metals, or good ore grades.  The field-portable XRF is therefore a critical tool for 
the ore quality control geologist. 
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7. Recommendations for Future Work 
Suggestions for future work include detailed mineralogical investigations as mining 
continues to progress at the D-East pushback and encounter supergene enrichment.  There was a 
lack of secondary Zn and Pb minerals found in this study, and future workers should keep a 
careful eye out for such minerals.  The possibility of Cu recovery from chalcosiderite and leach 
cap material should be investigated.   Geochronology, particularly the radiometric dating of 
ferricretes and secondary iron and manganese oxides with 40Ar/39Ar or (U-Th)/He, needs to be 
conducted.  This work would provide dates for the peak of supergene processes and movement 
along the major faults in the area.  Supergene profiles are known to be useful paleoclimate 
indicators, and geochronology of secondary minerals may yield important climate information 
relating to southwestern Montana.  Metallurgical testing needs to be done to determine how 
much, if any, arsenic from secondary minerals such as turquoise ends up in concentrate or mill 
tailings.  Kinematic analysis of fault striae in secondary phosphates may provide information on 
the extensional tectonics that operated in the region during the Miocene-present.  Detailed 
analyses of zeolites, particularly in the southeastern part of the Continental Pit, may reveal a late-
stage and low temperature meteoric overprinting of the Butte system.  Further investigation of S-
isotopes in secondary chalcocite is recommended, along with microbial surveys.  Careful SEM-
EDS analysis could confirm or deny the presence of sulfate-reducing bacteria at the chalcocite-
pyrite boundary, as was investigated by Alpers and Brimhall (1989).  More Cu-isotope data 
should be collected, and a detailed Cu-isotope study of the Continental Pit could reveal important 
fractionation processes.   
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9. Appendix A: Sample Imagery and Analytical Data 
9.1. D-North 
 
90 
 
  
91 
 
92 
  
93 
 
 
  
94 
 
95 
 
  
96 
 
  
97 
 
  
98 
 
 
  
99 
  
100 
 
101 
  
102 
 
  
103 
  
104 
 
 
 
  
105 
 
106 
 
107 
 
108 
 
  
109 
 
  
110 
 
  
111 
 
  
112 
 
113 
 
114 
  
115 
 
116 
117 
 
  
118 
  
119 
 
120 
  
121 
 
  
122 
 
  
123 
 
  
124 
  
125 
 
126 
  
127 
9.2. D-East 
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9.3. Other Areas  
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10. Appendix B: GIS Bench Maps 
10.1. D-North Pushback, Zinc Assays 
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10.2. D-North Pushback, Lead Assays 
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10.3. D-North Pushback, Arsenic Assays 
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11. Appendix C: Additional Imagery 
 
 
Figure 57: Seepage within the Continental Fault zone, 5800’ bench, D-North pushback. 
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Figure 58: Boulder with quartz-pyrite veinlets displaying replacement by secondary chalcocite, in an aplite 
matrix.  Blue post-mining salts occur where chalcocite has weathered, giving the impression that the veinlets 
contain covellite. 
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Figure 59: Vein at the 5840’ bench, D-North pushback.  This vein has experienced chalcocite enrichment 
(center, dark grey) and associated supergene argillic alteration (white).  Hammer for scale. 
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Figure 60: Sheared chalcocite-rich vein, 5840’ bench, D-North pushback.  Hammer for scale. 
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Figure 61: Bright blue copper sulfate precipitates at a spring and waterfall, 5600’ bench, C-South pushback. 
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Figure 62:  Outcrop exposed at the I-15 road cut with fracture filling veinlets of chalcosiderite (pale green). 
 
 
Figure 63: Chalcosiderite veinlet in outcrop, I-15 road cut.   
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Figure 64: Weathered MSV with euhedral quartz crystals to 2cm, I-15 roadcut. 

